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Abstract

The range of 8’Re/*80s values measured from samples of five organic-rich lacustrine
mudstones units in the Eocene Green River Formation in the easternmost Uinta Basin covaries
with organic matter diversity driven by changing water column conditions. A set of samples
from the Douglas Creek Member has the highest pristane/phytane ratio and lowest -carotane/n-
Cao ratio compared to overlying units indicating deposition in an oxic-anoxic environment with
low salinity that would have allowed for the accumulation of a diverse assemblage of aquatic
organisms. These samples define the broadest '8’Re/*#0s range of 1504. In contrast, samples
from the R6 and Mahogany zones possess lower pristane/phytane ratios and higher -carotane/n-
Cao ratios indicating deposition in a more restricted lacustrine environment with elevated

salinities and alkalinities that would have limited aquatic organic matter diversity. The R6 and
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Mahogany zones have the narrowest range of 8’Re/*80s values measured in this study of 254.9
and 154.6, respectively. As noted by previous workers, these results suggest that organic matter
diversity plays a primary role in determining the range of 8’Re/*%0s ratios in a sample set, and
in turn the uncertainty of Re-Os age determinations from organic-rich sedimentary rocks.

The Re-Os data from the R3 zone and R6 zone yield ages of 49.7 +3.4 Ma and 42.0 £18 Ma,
respectively, which are statistically indistinguishable based on 26 uncertainty from three
previously reported Re-Os age determinations and those provided by “°Ar/*Ar geochronology of
interbedded volcanic ash beds. Although the age uncertainty is high, these findings further
highlight the importance of Re-Os geochronology in lacustrine basins, particularly those with
thick mudstone successions that lack volcanic ash layers, reliable biostratigraphy, or
magnetostratigraphic control. In these cases, even ages with large uncertainties can be useful to

constrain burial history and thermal history models.

Together, the initial ¥70s/*80s ratios of five sets of samples analyzed from the Uinta Basin
define the largest Os isotope stratigraphic record from any lacustrine basin compiled to date and
record a shift from a value of 1.40 to 1.48 between the R3 and R4 zones in the lower part of the
Parachute Creek Member. This small shift may signify a change in the chemical weathering
products that entered the lake preserved 20 to 50 meters above the contact between the Douglas
Creek and the lower Parachute Creek members during a period when the basin transitioned from
a shallow lake with mostly open hydrology to an alkaline lake with more frequent basin

restrictions.

Keywords: Re-Os geochronology, oil shale, biomarkers, Green River Formation
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1. Introduction

Rhenium-osmium (Re-Os) geochronology of lacustrine organic-rich mudstones has been
shown to yield age determinations that are consistent with “°Ar/*°Ar ages of interbedded volcanic
tuffs and biostratigraphic control (e.g., Cumming et al., 2012; Xu et al., 2017; Pietras et al.,
2020). However, the uncertainty of these ages ranges widely. Uncertainties using the Re-Os
isochron approach, beyond the level of analytical uncertainty, are controlled by the range of
initial 1870s/'®80s and '8"Re/!%0s values in the sample set, the number of samples, and the decay
constant uncertainty. Although weathering and hydrothermal alteration can lead to inaccurate
and imprecise results (Peucker-Ehrenbrink and Hannigan, 2000; Jaffe et al., 2002; Kendall et al.,
2009a; Georgiev et al., 2012; Rooney et al., 2012), careful sample collection can limit their
effects. Variability in initial 18’Os/*88Q0s ratios violates the assumption that all samples had the
same value at the time of deposition (Davies et al., 2018; Toma et al., 2020). Sampling over a
narrow stratigraphic range may minimize this variance (Selby and Creaser, 2005; Kendall et al.,
2009b; Stein and Hannah, 2014; Rooney et al., 2015; Rooney et al., 2020); however, variability
at the scale of centimeters may not be avoidable (Pietras et al., 2020). Further, a narrow range of
187Re/*880s values in the sample set can yield a poorly constrained isochron (e.g., Kendall et al.,
2009b; Selby et al., 2009). This ratio is directly proportional to the Re/Os ratio in a sample, and
thus a set of samples with a broad range of Re/Os ratios will yield an isochron with less
uncertainty than a set of samples with a narrow range, all other constraints being consistent.
What controls the Re/Os ratio in organic-rich mudstones is an important question to address.

In a study of the marine Devonian-Mississippian Woodford Shale, a relation between organic
matter type and Re and Os concentrations was proposed based on the observation that samples

with greater amounts of terrestrial organic matter possessed higher Re concentrations, but similar
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Os concentrations compared to samples with predominately marine organic matter (Harris et al.,
2013). Devonian marine shales in New York State also show a positive correlation between
organic matter diversity and Re and Os fractionation (Liu et al., 2020). In a controlled culture
study of modern macroalgae, various parts of the same specimen accumulated different
concentrations of Re and Os by factors of over 6 and 2, respectively (Racionero-Gémez et al.,
2016; Racionero-Gémez et al., 2017). Finally, in a study of the lacustrine Green River Formation
in the Uinta Basin Re concentrations of samples from the Mahogany zone were less varied than
those from the Douglas Creek Member (Cumming et al., 2012). This yielded a narrower range of
187Re/*880s ratios for the Mahogany zone and isochron ages and Osi estimates with higher
uncertainties. Based on kerogen typing, it was postulated that less organic matter diversity in the
Mahogany zone led to the narrower range of *8’Re/*®8Q0s ratios (Cumming et al., 2012).

Taken together, these previous studies suggest that organic matter type provides a primary
control on the Re/Os ratio of a sample because each type chelates a different amount of Re and
Os prior to burial. More specifically, it is expected that a set of samples from an organic-rich
mudstone that contains a large diversity of organic matter should yield a broader range of
187Re/1880s ratios than a mudstone with low diversity because each sample would be more likely
to have a unique mixture of organic matter. This study specifically investigates the relation
between organic matter diversity, the range of 8’Re/!80s ratios, and Re-Os age uncertainties of
lacustrine organic-rich mudstones using kerogen typing and extractable organic matter biomarker
analysis in combination with Re-Os isotope and concentration measurements. Samples were
collected from the Green River Formation deposited in the Uinta Basin of Utah and Colorado
across a transition from fresher water lacustrine deposits to more alkaline and saline units that

should correspond to a shift from a cosmopolitan to a more restricted fauna, respectively.
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2. Geologic Setting

2.1. Green River Formation in the Uinta Basin

The Uinta Basin (Figure 1) is one in a series of depressions formed during the Late
Cretaceous through Eocene Laramide orogeny that subdivided the Sevier foreland with basement
cored uplifts yielding localized flexural subsidence and ponding of sediment and water
(Dickinson et al., 1988; Johnson, 1985). Lacustrine deposition began in the western part of the
basin in latest Cretaceous time, expanding over much of the basin by the late Paleocene (Remy,
1992; Smith et al., 2008; Birgenheier et al. 2020; and references therein). Deposition of the lower
part of the Green River Formation began in the Eocene with fluvio-lacustrine siliciclastic and
carbonate facies that overlie and are laterally equivalent to the alluvial Wasatch Formation. In
the eastern Uinta Basin, the middle part of the Green River Formation is composed of the
Douglas Creek Member and lower part of the Parachute Creek Member. These are overlain by
the Mahogany zone which marks the base of the upper part of the Green River Formation
(Birgenheier et al. 2020). This study focuses on samples collected from the Douglas Creek
Member, the lower Parachute Creek Member, and the Mahogany zone of the Eocene Green

River Formation in three cores located near the eastern margin of the Uinta Basin (Figure 1C).

2.2. Douglas Creek Member

The Douglas Creek Member in the eastern Uinta Basin varies in thickness from about 65 to

610 meters and consists of sandstone, siltstone, mudstone, and oolitic, algal, and ostracodal
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limestones (Cashion, 1967). It complexly interfingers with the Wasatch Formation to the south
and correlates to the Sunnyside Delta interval in the western part of the basin (Johnson et al.,
2017; Birgenheier et al., 2020). Siliciclastic-dominated units include highly seasonal semi-arid
fluvial sandstones, floodplain mudstones, and deltaic sandstone and siltstone beds. Carbonate-
dominated intervals indicate periods of more stable river discharge leading to persistent
lacustrine depositional environments that allowed for the accumulation of organic-rich lacustrine
mudstones, sublittoral carbonate mudstones, littoral to sublittoral carbonate grainstones and
wackestones, and microbialites. Overall, the Douglas Creek Member is interpreted to have been
deposited in a shallow low-gradient lake (Rosenberg et al., 2015; Birgenheier et al., 2020). The
presence of microbialites and the absence of a freshwater molluscan assemblage, which is
present in underlying deposits (Birgenheier et al., 2020), indicates increasing alkalinity and

salinity.

2.3. Lower part of the Parachute Creek Member

The lower part of the Parachute Creek Member contrasts from the underlying Douglas Creek
Member in the study area by an overall decrease in sandstone and increase in organic-rich
mudstone beds termed oil shale (Johnson et al., 2010; Birgenheier and VVanden Berg, 2011). It
also contains a repetitive stacking of lithofacies that are interpreted to represent lake expansion-
contraction cycles. In these cycles oil shales were deposited during periods of relatively high
lake level while desiccation cracks, wavey bedding, microbialites, and rip-up clasts represent
lower lake levels and transgressive events (Brembs, 2017). They are typically 1-5 meters thick

and their boundaries, which represent timelines, can be correlated for several kilometers
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(Brembs, 2017). Chronostratigraphic correlations are further aided by numerous interbedded
volcanic ash layers. Lake expansion-contraction cycles stack into larger scale zones that are on
the order of several meters to about 40 meters thick (Figure 1A). These zones alternate from
being more calcareous and organic-rich (R) to siliciclastic and organic-lean (L) (Birgenheier et
al., 2020). They have been correlated within the Uinta Basin and eastward into the Piceance Creek
Basin (Figure 1C) based on lithology, Fischer assay oil yields, and well log signatures (Donnell
and Blair, 1970; Cashion and Donnell, 1972; Johnson, 1989; Birgenheier and VVanden Berg,

2011).

The lake expansion-contraction cycles in the lower Parachute Creek Member record frequent
lake level oscillations below the elevation of the outflow sill (c.f. Carroll and Bohacs, 1999) and
are similar to those recognized in the Green River Formation in the Greater Green River Basin in
Wyoming (Eugster and Hardie 1975; Smoot, 1983; Rhodes et al., 2002; Pietras and Carroll,
2006). These cycles are not as well developed in the underlying Douglas Creek Member
signifying a shift to a balanced fill hydrology from a more open hydrology across this boundary.
The lack of evaporite deposits and a robust fossil fish assemblage in the lower Parachute Creek
Member indicate that the basin did occasionally flush dissolved solutes over the sill during

periods of high lake level.

2.4. Mahogany zone

The Mahogany zone is typically about 30 meters thick in the eastern Uinta Basin (Johnson et
al., 2010) but reaches nearly 50 meters in some places. It is the most organic-rich interval in the

study area with Fischer assay oil yields ranging from 10-30 gallons per ton or roughly 5-15%
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total organic carbon (TOC), locally exceeding 70 gallons of oil per ton (Johnson et al., 2010;
Birgenheier and VVanden Berg, 2011; Birdwell et al., 2015). It is primarily composed of massive
to laminated, locally brecciated kerogen-rich mudstone with very few fish fossils deposited in a
profundal setting below wave base in a density stratified lake (Birgenheier et al., 2020). Lake
level was likely relatively stable during deposition of the Mahogany zone, in contrast to the
underlying lower Parachute Creek Member, leading to the paucity of other facies, though
mineral composition and organic richness have been shown to vary at the lamina scale
(Washburn et al., 2016). Nahcolite nodules are present in the Mahogany zone in the Coyote
Wash #1 core, and bedded nahcolite occurs in cores located closer to the basin depocenter
(Birgenheier and VVanden Berg, 2011). The increase in organic richness, decrease in fish fossils,
and presence of evaporative minerals is indicative of hydrologic closure which led to increased
salinity, density stratification, and long term anoxic bottom waters prior to the main saline phase
in the basin recorded by the overlying strata of the upper Green River Formation (Smith et al.,

2008; Birgenheier et al., 2020).

3. Materials and methods

3.1. Samples

The Douglas Creek Member was originally sampled by Cumming et al. (2012) for Re-Os
isotope analysis, programmed pyrolysis (e.g., Rock-Eval), and TOC in an anomalously thick (~3
meters) organic-rich layer that occurs about 115 meters below the top of the member in the
Coyote Wash #1 core (Figure 1; 40° 1' 22.2240" N, 109° 18' 38.4834" W). This core is stored at

the USGS Core Research Center in Denver, Colorado. The base of the Douglas Creek Member
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was not penetrated in the Coyote Wash #1 core; however, regional correlations indicate that the
sampled interval corresponds to roughly the middle of the Douglas Creek Member in one of the
carbonate-dominated lacustrine zones (Birgenheier et al., 2020). This interval is primarily
composed of massive to laminated kerogen-rich mudstone that was deposited under profundal to
sublittoral conditions. Four intervals that were analyzed by Cumming et al. (2012) were
resampled from the core for extractable organic matter (EOM) biomarker analysis (n-alkanes,
acyclic isoprenoids, and -carotane) using chloroform-soluble EOM (unfractionated).

Forty samples were collected from correlative oil shale beds in the R3 and R6 zones of the
lower Parachute Creek Member in the Skyline 16 (39° 52’ 14.4336" N, 109° 06’ 44.1678" W)
and PR15-7¢ (39° 59’ 26.6424" N, 109° 00’ 59.4760" W) cores (Figure 1). These cores are stored
at the Utah Core Research Center in Salt Lake City, Utah. Ten samples were collected over an
interval of 50 to 100 cm in each oil shale zone in each core. Chronostratigraphic corrections were
based on decameter-scale organic-rich and organic-lean zones, meter-scale lake expansion and
contraction cycles, volcanic ash layers, and distinct marker beds (Dennett, 2019). These samples
were analyzed for Re-Os isotopes, programmed pyrolysis, and TOC. A subset of four samples
from each oil shale bed in each core were also used for EOM biomarker analysis. Ten samples
from Skyline 16 core and 2 from the PR15-7c core of an oil shale bed in the R4 zone of the
lower Parachute Creek Member (Figure 1), originally analyzed for Re-Os isotopes (Pietras et al.,
2020), were analyzed for programmed pyrolysis and TOC measurements. Four of these samples
from the Skyline 16 core were also collected for EOM biomarker analysis. The R4 oil shale lies
just above the Skyline ash (Figure 1A).

Four samples from the Mahogany zone in the Coyote Wash #1 core were collected for EOM

biomarker analysis. These new samples coincide with those of Cumming et al. (2012) which
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were analyzed for Re-Os isotopes, programmed pyrolysis, and TOC, and lie between the Curly

and Wavy tuffs (Figure 1A).

3.1. Re-Os isotopic analysis

Samples were visually inspected to avoid diagenetic fracture fills, broken down by hand in a
porcelain mortar and pestle, and then powdered and homogenized in an alumina ceramic ball
mill. The Re-Os analyses were conducted at the Durham Geochemistry Centre at Durham
University using the same standard procedures for organic-rich sedimentary rocks used by
Cumming et al. (2012) and Pietras et al. (2020). Twenty to 40 grams of material from each
sample were powdered, from which ~1 gram was used for Re-Os isotope analysis. The Re-Os
analysis utilizes carius tube digestion to homogenize sample and tracer solution (spike), then
solvent extraction, microdistillation, and chromatography methods to isolate and purify the Re
and Os fractions (Shirley and Walker, 1995; Cohen and Waters, 1996; Birck et al., 1997; Selby
and Creaser, 2003; Kendall et al., 2004; Cumming et al., 2013). In brief, about 1 gram of
sample, plus a known amount of spike solution (}**Os + 1®°Re) together with 8 mL of Cr¥'-
H2S04 solution (used to limit the incorporation of detrital Re and Os) were digested in a sealed
carius tube for 48 hours at 220°C (Selby and Creaser, 2003; Kendall et al., 2004). The Os was
purified using solvent extraction (chloroform, CHCIs), and Cr¥'-H,SO4 — HBr micro-
distillation. Rhenium was isolated and further purified using NaOH-acetone solvent extraction
and anion chromatography. The purified Re and Os fractions were loaded onto Ni and Pt
filaments, respectively (Selby, 2007). Isotopic measurements were performed using a
ThermoScientific TRITON mass spectrometer via static Faraday collection for Re and ion-

counting using a secondary electron multiplier in peak-hopping mode for Os. Total procedural
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blanks during this study were 13.2 + 0.4 pg and 0.06 £ 0.03 pg for Re and Os, respectively,
with an average 8’0s/*®80s value of 0.21 + 0.04 (n = 4). To monitor the long-term
reproducibility of mass spectrometer measurements, two in-house Re and Os (DROsS) solution
standards were analyzed, which yielded an average ®Re/*®’Re and 1870s/*0s ratio of 0.59862

+ 0.0008 and 0.16089 £ 0.00062 (1o, n = 10) respectively during this study.

Uncertainties for ’Re/*80s and 18’0s/*®80s were determined by full error propagation of
uncertainties in Re and Os mass spectrometer measurements, blank abundances and isotopic
compositions, spike calibrations and reproducibility of standard Re and Os isotopic values. The
Re-Os isotopic data including 2c uncertainties for ¥’Re/*®80s and #0s/*#0s and the
associated error correlation function (rho) were regressed to yield Re-Os ages and Os; values
using Isoplot v. 4.15 and IsoplotR with the A *¥’Re constant of 1.666 x 10! yrs +5.165 x 1014
yrs (Ludwig, 1980; Smoliar et al., 1996; Ludwig, 2012; Vermeesch, 2018). To account for
deviation from the isochron, Isoplot v. 4.15 assumes normally distributed variation in initial
1870s/'880s values (Ludwig, 2012) whereas IsoplotR assumes a non-normal variation

(Vermeesch, 2018) that tends to yield more precise Re-Os ages.

3.2. Programmed Pyrolysis and TOC

Programmed pyrolysis and TOC measurements were conducted at the USGS Petroleum
Geochemistry Research Laboratories (PGRL) in Denver, Colorado. For programmed pyrolysis,
the amount of hydrocarbon (HC) products and oxygen bearing compounds (CO, CO) were
measured to determine S1 (mg-HC/g-rock, free oil), S (mg-HC/g-rock, kerogen), Ss (mg-CO2/g-

rock), and Tmax (°C, pyrolysis temperature at maximum of the S2 peak). Crushed samples were
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placed into a Wildcat Technologies Hydrocarbon Analyzer with Kinetics (HAWK), heated
initially to 300°C and held for 3 minutes to measure Sy, then incrementally heated to 650°C
(25°C/min, 14 minutes) to obtain Ss, followed by a cooling step between samples according to
manufacturer’s instructions. Both S; and Sz measurements were made using a flame ionization
detector (FID), whereas the Sz parameter was determined by measuring CO evolved up to
390°C using an infrared detector. TOC was measured using a LECO C744 Carbon Analyzer
following the manufacturer's instructions (Dreier and Warden, 2021). Samples were acidified
with 6 M HCI and rinsed with deionized water prior to combustion to remove inorganic carbon
(carbonate). Quality control materials, including blanks, geochemical reference materials, and
manufacturer's calibration standards, were analyzed during the analytical period for both
methods. TOC uncertainty is 0.06 wt.% (2c) based on the analysis of 10 standards. Six duplicate
samples, 2 from each zone, were also analyzed for TOC and yield a reproducibility of 0.22 wt.%
(20). The two data sets were combined to calculate the hydrogen index (HI = 100xS2/TOC) and
oxygen index (Ol = 100xS3/TOC) for each sample. These values were then plotted on a pseudo-
Van Krevelen diagram to assess kerogen type (Espitalie et al., 1977; Peters, 1986). For
information on anticipated variance in programmed pyrolysis samples, see Birdwell and Wilson

(2019).

3.3. Biomarker analysis

A subset of core samples was Soxhlet-extracted with chloroform for ~48 hours to obtain
EOM for biomarker characterization at USGS PGRL (Lowry, 2020a). Copper strips were
cleaned with chloroform then added to round bottom flasks to remove elemental sulfur during

the extraction process. After extraction, EOM samples were filtered and concentrated using a
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vacuum rotary evaporator. To estimate the total mass of EOM removed from each rock sample, a
known volume of the dissolved EOM was dried and weighed. Unfractionated EOM samples
were analyzed by gas chromatography with a flame ionization detector (GC-FID) using an
Agilent 6890 (see Lowry, 2020b for details). Using measured peak heights for selected n-
alkanes, acyclic isoprenoids, and B-carotane, several biomarker parameters were calculated,
including the carbon preference index (CPI; Marzi et al., 1993), pristane/phytane ratio (Pr/Ph),
terrigenous/aquatic ratio (TAR; Bourbonniere and Meyers, 1996) and B-carotane/n-Czo. These
parameters can provide insights into organic matter sources and depositional conditions in
aquatic environments and have been used to differentiate lake basin type and organic matter
source diversity in the Green River Formation and other lacustrine strata (Collister et al., 1994;

Katz, 1995; Carroll and Bohacs, 2001; Peters et al., 2005).

4. Results

4.1. Re-Os

Elemental concentrations of Re and Os (*%?0s) range from 11.3 to 32.7 ppb and 127.8 (42.3)
to 300.1 (100.6) ppt, respectively for samples from the R3 and R6 zones (Table 1). These are
similar to those reported from the underlying Douglas Creek Member, interbedded R4 zone, and
overlying Mahogany zone (Cumming et al., 2012; Pietras et al., 2020). Samples from the R3
zone in the Skyline 16 core have a "Re/*%0s range of 434.5 to 865.9, a 8’0s/*®80s range of
1.755 to 2.118, and yield a Model 3 isochron age of 50.5 £3.4 Ma (2c) with a MSWD of 6.1 and
an Os; value of 1.39 £0.04 (2c) using Isoplot v. 4.15 (Figure 2A). Samples from the R3 zone in

the PR15-7¢ core have a 8"Re/*®0s range of 507.3 to 873.6, a 18’0s/*®80s range of 1.833 to
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2.142, and yield a Model 3 isochron age of 47.2 £7.6 Ma (2o) with a MSWD of 16 and an Os;
value of 1.44 £0.09 (20) using Isoplot v. 4.15 (Figure 2B). Combining samples from these
correlative cores yields a Model 3 isochron age of 49.7 £3.4 Ma (26) with a MSWD of 10.7 for
the R3 zone and an Os; value of 1.40 +0.04 (26) with an Os; variation of 0.034 (2c) using Isoplot
v. 4.15 (Figure 2C). The combined dataset yields a similar Model 3 isochron age of 49.7 £3.0 Ma
(20) and an Os;i value of 1.40 £0.03 (2c) with an Os; variation of 0.0318 +0.0073 / -0.0045 (20)

using IsoplotR.

Samples from the R6 zone in the Skyline 16 core have a *¥’Re/*#0s range of 415.7 to 567.6, a
1870s/'880s range of 1.751 to 1.918, and yield a Model 3 isochron age of 52.0 +27 Ma (25) with
a MSWD of 35 and an Os; value of 1.43 £0.22 (20) using Isoplot v. 4.15 (Figure 2D). Samples
from the R6 zone in the PR15-7¢ core have a 8’Re/*®80s range of 385.2 to 640.1, a *¥’0s/*%0s
range of 1.7691 to 1.962, and yield a Model 3 isochron age of 37.0 £27 Ma (20) with a MSWD
of 50 and an Os; value of 1.58 +0.22 (26) using Isoplot v. 4.15 (Figure 2E). Combining samples
from these correlative cores yields a Model 3 isochron age of 42.0 £18 Ma (2c) with a MSWD of
50 for the R6 zone and an Os; value of 1.52 £0.15 (20) with an Os; variation of 0.072 (2c) using
Isoplot v. 4.15 (Figure 2F). The combined dataset yields a similar Model 3 isochron age of 42.3
+16.4 Ma (20) and an Os; value of 1.52 +0.14 (2c) with an Os; variation of 0.0678 +0.0143 / -

0.0085 (20) using IsoplotR.

An Os; estimate for each sample from the R3 and R6 zones was calculated using the *¥'Re
decay constant of 1.666 x 101! per year (Smoliar et al., 1996) and a depositional age of 49 Ma
(Table 1). Analytical uncertainty was fully propagated using the square root of the sum of
squares approach and includes the uncertainty of the measured 8’Re/*®80s and 870s/*0s ratios

and the 0.35% uncertainty of the 8’Re decay constant (Smoliar et al., 1996). An Os; value was
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calculated for the samples from Douglas Creek and Mahogany zones of Cumming et al. (2012)
and the R4 zone of Pietras et al. (2020) using the same methodology (Table 2). The depositional
age of 49 Ma was chosen because it lies near the midpoint of all Green River Formation samples
examined here. Sensitivity analysis using 48 Ma and 50 Ma alters the Osi; calculations by +0.02
at most. However, these results were only used to investigate the relative range of Os; values in

each set of samples, not to compare absolute Os; values.

4.2. Total Organic Carbon & Programmed Pyrolysis

The TOC values for samples of the R3, R4, and R6 zones of the Parachute Creek Member in
the Skyline 16 and PR15-7c cores range from 2.05 to 10.03 wt.% with an average of 5.63 wt.%
(Table 3). The average TOC increases upwards from 4.67 wt.% in the R3 zone to 5.40 wt.% in
the R4 zone and 6.73 wt.% in the R6 zone. These are lower than measurements in the Coyote
Wash #1 core from the Douglas Creek Member and Mahogany zone with averages of 9.79 and

17.0 wt.%, respectively (Cumming et al., 2012).

Combining TOC measurements with parameters determined by programmed pyrolysis yields
HI and Ol values (Table 2) indicative of Type I algal oil-prone kerogen when plotted on a
pseudo-Van Krevelen diagram (Figure 3A), as expected (Tissott and Welte, 1984; Caroll and
Bohacs, 2001; and references therein). Samples from the Douglas Creek Member and Mahogany
zone (Cumming et al., 2012) plot in a similar location, with the Douglas Creak Member samples
defining a slightly broader Ol range (Figure 3A). Samples from the R3, R4, and R6 zones have a
production index (PI) of less than 0.07 with an average of 0.03 (Table 3), indicative of immature

source rocks. This is consistent with samples from the Douglas Creek Member and Mahogany



341  zone (Cumming et al., 2012). A cross-plot of Tmax versus Hydrogen Index (HI) also indicates that
342  all samples are immature Type | source rocks (Figure 3B). Kinetic modeling suggests that the
343  onset of the oil window for lacustrine source rocks is 120°C (range of 20°C) at a heating rate of
344  2°C Ma (Pepper and Corvi, 1995). Given that the average Pl is below 0.10, the maximum burial

345  temperature was likely well below 120°C for all samples used in this study.

346

347 4.3. EOM Biomarkers

348 The carbon preference index (CPI) has been widely used to assess the influence of terrigenous
349  organic matter in organic-rich sedimentary rocks with higher values indicating a larger

350  contribution of terrigenous inputs (Bray and Evans, 1961; Marzi et al., 1993; Peters et al., 2005).
351 Inthe Green River Formation, Lillis et al. (2003) used CPI to aid in differentiating oil types,

352 noting that the most common oils (type “A”) were likely derived from units below the Douglas
353  Creek Member in the lower Green River and have CPI values less than 1.1. Rarer Green River
354  Formation oils (type “B”) have CPI values greater than 1.2 and are sourced from the Mahogany
355  zone and similar oil shale facies. In the EOM samples examined here, average CPI values

356 increase from 1.18 in the Douglas Creek Member to 1.70 in R3 zone and 1.67 in R4 zone, reach

357 amaximum of 2.31 in R6 zone, and then drop to 1.68 in the Mahogany zone (Table 4).

358 The terrigenous-aquatic ratio (TAR) has also been used in modern lacustrine and ancient

359  marine settings to estimate the relative contribution of terrigenous organic matter, with values
360 greater than 1 interpreted to indicate the presence of terrestrial organic matter in sedimentary
361 EOM (Silliman et al., 1996; Bourbonniere and Meyers, 1996; French et al., 2019). Samples from

362  the Douglas Creek Member have the lowest average TAR value of 0.90, while samples from the
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R6 zone have the highest average TAR value of 4.16 (Table 4). Samples from the R3, R4, and

the Mahogany zones have averages ranging from 2.2 to 3.06.

In immature source rocks, the ratio of the isoprenoids pristane and phytane (Pr/Ph) can be
used to provide information on redox conditions (Peters et al., 2005), with values less than 1
indicating reducing-anoxic conditions. The most abundant source of pristane and phytane is the
phytyl side chain of chlorophyll a in phototrophic organisms and bacteriochlorophyll a and b in
purple sulfur bacteria (Brooks et al., 1969; Powell and McKirdy, 1973). Under reducing
conditions phytol is converted to phytane, while under oxic conditions it is converted to pristane.
However, organic matter source can also affect the ratio, with a Pr/Ph value greater than 3
indicating a significant contribution of terrigenous organic matter (Peters et al., 2005). Samples
from the Douglas Creek Member have the highest average Pr/Ph ratio of 1.08 (Table 4). The
average Pr/Ph ratio decreases up-section in the lower Parachute Creek Member from 0.42 in the
R3 and R4 zones to 0.37 in the R6 zone. Samples from the Mahogany zone have an average

Pr/Ph ratio of 0.64.

The compound B-carotane can also provide information on lacustrine depositional conditions,
with high values (relative to various n-alkanes like n-Czo) generally interpreted as indicating
highly reducing, anoxic-saline conditions, where halotolerant organisms produce [3-carotene to
prevent photoinhibition (Moldowan et al., 1985; Jiang and Fowler, 1986; Ben-Amotz et al.,
1989; Fu et al., 1990; Irwin and Meyer, 1990; Peters et al., 2005). Samples from the Douglas
Creek Member have the lowest average -carotane/n-Cso ratio of 0.25 while values
systematically increase from 0.96 to 2.32 to 5.29 in the R3, R4, and R6 zones, respectively

(Table 4). Samples from the Mahogany zone have an average f3-carotane/n-Csg ratio of 3.24.
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5. Discussion
5.1. Re-Os Geochronology

The stratigraphic positions of the R3, R4, and R6 oil shales were projected onto the Coyote
Wash #1 core based on correlation of organic-rich and lean zones in the lower Parachute Creek
Member (Birgenheier and Vanden Berg, 2011). This allows for a direct comparison to the results
of Cumming et al. (2012) from the Douglas Creek Member and Mahogany zone. Although all
five Re-Os age determinations are statistically indistinguishable based on 2c uncertainties, their
mean ages fall in stratigraphic order, except for the age of the R6 oil shale (Figure 1B). They are
also statistically indistinguishable from age determinations of interbedded volcanic ash beds
based on “°Ar/*°Ar geochronology (Smith and Carroll, 2015; and references therein). Examining
the isochron for the combined R6 dataset, there are four samples that contribute to the large
uncertainty (Figure 2F). Two have anomalously high 8’0s/*%Qs ratios (P6-3, P6-7), and two
have anomalously low '8"0s/*Q0s ratios (S6-7, S6-10). As a test on their contribution to
uncertainty these samples were removed to create a new Model 3 isochron for the R6 zone which
yielded an age of 47.7 £7.9 Ma (25) with a MSWD of 7.1 and an Os; value of 1.48 £0.07 (20)
using Isoplot v. 4.15 (Figure 4). The Os; variation was reduced from 0.072 to 0.025 (26) when
removing these four samples. Calculations using IsoplotR yielded an isochron age of 47.7 £6.7
Ma (26) with an Osj value of 1.48 £0.06 (2c). The Os; variation was reduced from 0.0678
+0.0143 /-0.0085 (20) to 0.023 +0.0065 / -0.0038 (20). This mean age is more consistent with
the results from the other four zones (Figure 1) but is statistically indistinguishable to the age

determined using all 20 samples (Figure 4).
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As a further assessment of the relative chronostratigraphic position of the five Re-Os age
determinations, an average sedimentation rate was calculated (Figure 5). A simple linear
regression through all 5 ages plotted versus their stratigraphic position in the Coyote Wash #1
core yields a sedimentation rate of 10.7 cm/kyr. While the sedimentation rate is not expected to
have been linear given the variability in depositional environments, erosional events, or hiatuses,
this average estimate is comparable to those calculated for members of the Green River
Formation in Wyoming (16.95 cm/kyr; Meyers, 2008) and Colorado (15.20 cm/kyr; Dyer-
Pietras, 2020) based on the average spectral misfit approach and stratigraphic thicknesses
between volcanic ashes with known “°Ar/2°Ar ages (8.5 cm/kyr for the Tipton Shale Member,
22.5 cm/kyr for the Wilkins Peak Member, and 11 cm/kyr for the Laney Member; Pietras and
Carrol, 2003). Although the uncertainty on these ages is quite large; taken together, their
combined ages appear to be robust. This again further highlights the utility of Re-Os
geochronology of organic-rich mudstones in lacustrine and marine basins. This is particularly
true in thick successions that lack volcanic ash layers, reliable biostratigraphy, or
magnetostratigraphic data where a few age determinations, even those with large uncertainties,
would be valuable to constrain burial history and thermal history models or allow for temporal
correlation to the broader geological record (e.g., Lucio et al., 2020; Rooney et al., 2020; Toma

et al., 2020).

5.2. Os; Stratigraphy

The initial 1870s/*®0s ratios derived from isochrons of samples from the Douglas Creek

Member, R3, R4, R6 and Mahogany zone show a bulk shift from a value of 1.40 to 1.48 between



429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

the R3 and R4 zones with an associated shift in the range of the 26 uncertainty bars (Figure 1B).
Interestingly, this small isotopic transition occurs 20 to 50 meters above the contact between the
Douglas Creek and the lower Parachute Creek members during a time when the basin
transitioned from a more open hydrology to a more alkaline and saline lake with frequent basin
restrictions. Thus, this shift may be related to changes in the chemical weathering products
entering the lake (Peucker-Ehrenbrink and Ravizza, 2000; Lu et al., 2017) in the course of
drainage basin evolution. Further study of the 8’0Os/*880s composition of bedrock surrounding
the basin, along with additional sampled intervals is warranted to understand the long-term Os
isotopic stratigraphy of the Uinta Basin and the role of drainage basin change. However, to our
knowledge these five data points define the largest Os isotope stratigraphic record from any

lacustrine basin compiled to date.

5.3. Re-Os Isochron Uncertainty

The uncertainty of Re-Os isochron age determinations and Os; estimates using the isochron
method is a function of analytical uncertainty, variance of initial 18’0s/*®80s values in the sample
set, the range of 8’Re/*80s values in the sample set, the number of samples, and decay constant
uncertainty. To evaluate the relative contribution of these parameters on the age uncertainty for
samples of the Green River Formation, a theoretical 3’Re/*®0s range of the sample set versus
age uncertainty curve was developed (Figure 6). For this, isochron ages were determined using
Isoplot v. 4.15 with a set of 20 samples that had a total range of ’Re/*%0s ratios varying from
50 to 1600. Samples were evenly spaced within each range, and the range was incrementally

increased by 50 for a total of 32 isochrons. The present-day 8’0s/*®0s value for each sample
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was calculated assuming an initial 870s/*0s value of 1.40 and an age of 49 Ma, the
approximate age of the Green River Formation samples. These assumptions remove Os;
variability from the sample set, and as a contributor to age uncertainty. Average analytical
uncertainties (Table 5) for the 8’Re/*®80s ratio, 18’0s/*®80s ratio, and associated error correlation
(rho) were determined using all Green River Formation samples (this study; Cumming et al.,
2012; Pietras et al., 2020). A second curve (dashed line on Figure 6) was calculated using the
same methodology with a set of 10 samples to highlight the impact of population size on age
uncertainty. Sensitivity analysis using ages of 48 Ma and 50 Ma yielded results that are within

the width of the lines on Figure 6.

Age uncertainties for all five zones of the Green River Formation lie above the theoretical
curves (circles on Figure 6) indicating contributions from Os; variance within each sample set or
analytical uncertainties greater than the average of all samples. To determine the influence of
these two parameters, a set of samples was generated for each zone with the same 8’Re/*®80s
range and number of samples as the original set; however, the initial 18’0s/*®80s value for every
sample was set to 1.40 and present-day *¢70s/*%0s values were calculated assuming a
depositional age of 49 Ma as was done for the theoretical curves. However, the average
analytical uncertainties for the 8’Re/*®0s ratio, 18’0s/*%0s ratio, and associated error
correlation (rho) were calculated separately for each zone (Table 5). Age uncertainties calculated
with Isoplot v. 4.15 using these local parameters for the R3, R4, and R6 zones lie below the
theoretical curves (squares on Figure 6). Since these zones have analytical uncertainties that are
comparable to those used for the theoretical curves (Table 5) it can be assumed that the actual
age uncertainty for these zones, beyond what can be attributed to their range of *¥’Re/*#0s

values, is due to variance in Os; values. In fact, samples from the R6 zone have the largest Osi



474  variance of the three zones (Table 6) and the largest deviation from the theoretical curves (Figure
475  6). The age uncertainty calculated with Isoplot v. 4.15 using local parameters for the Douglas
476  Creek Member lies very close to the theoretical curve curves (square on Figure 6) indicating that
477  while average analytical uncertainties for the zone are high (Table 5), this appears to be

478  mitigated by having a broad range of '8’Re/*%Q0s values (1504). The actual age uncertainty for
479  the Douglas Creek Member is much higher (circle on Figure 6) and it is primarily controlled by
480 the large variance in Os; (Table 6). The 870s/*80s ratio of lake water can vary at rates of 0.01
481  per kilo-year, perhaps two orders of magnitude faster than in open marine basins (Pietras et al.,
482  2020). At this rate, even very high-resolution stratigraphic sampling from cores may not reduce
483  Osj variance in a set of samples due to the requirement of large sample sizes. Lateral sampling
484  from a narrow stratigraphic interval (<2 centimeters) in outcrop may be required. In contrast to
485  the Douglas Creek Member, samples from the Mahogany zone have the narrowest Os; variance
486  (Table 6), but the age uncertainty is well above the theoretical line (circle on Figure 7). This can
487  be attributed to higher average analytical uncertainties for these samples (Table 5) which was not
488  mitigated by a broad range of 18’Re/*®0s values, in fact the Mahogany zone has the narrowest

489  8"Re/'8Q0s values (154.6) of any zone studied.

490 While this analysis indicates unique controls on the age uncertainty for each zone of the

491  Green River Formation, a more general observation is apparent. The theoretical curve indicates
492  that sample sets with a *8’Re/*#0s range of less than about 500 have age uncertainties that are
493  significantly higher than those with larger ranges (Figure 6). Samples from the Green River
494  Formation follow this trend once Os; variability and analytical uncertainty are accounted for,
495  providing an opportunity to investigate the control on the *¥’Re/*80s range. It should be noted

496  that each set of samples is unique and those with a 8’Re/*®0s range of less than 500 can yield
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age determinations with a lower percentage of uncertainty than presented here (e.g., Rooney et

al., Toma et al., 2020).

5.4. Re-Os Isochron Uncertainty and Organic Matter Diversity

Previous studies have suggested that organic matter type provides a primary control on the
concentrations of Re and Os, and as a result the 8’Re/*80s ratio, preserved in sedimentary
organic matter (Cumming et al., 2012; Harris et al., 2013; Racionero-Gomez et al., 2017; Liu et
al., 2020). It is expected that a sample set of organic-rich mudstone with a more diverse and
varied assemblage of organic matter would yield a broader range of *8’Re/*®Q0s ratios because
each sample would have a unique mixture of organic matter. To test this hypothesis kerogen type
and EOM biomarker data were compared to the range of 8’Re/*®8Qs ratios from samples of the

Green River Formation.

Samples from the R6 and Mahogany zones have the narrowest HI ranges of 170 and 155 mg
HC/g TOC, respectively, as well as the highest average HI values of 964 and 1036 mg HC/g
TOC, respectively (Figure 3B). Samples from the Douglas Creek Member, R3, and R4 zones
define wider HI ranges of 237, 292, and 214 mg HC/g TOC, respectively and lower average HI
values of 939, 889, and 905 mg HC/g TOC, respectively (Figure 3B). While all samples indicate
the predominance of Type I, algal, oil-prone kerogen, those from the R6 and Mahogany zones
define a slightly more homogenous kerogen type. The Douglas Creek Member contains samples
with the highest Ol values (Figure 3B) suggesting a contribution of Type Ill kerogen, typical of

terrestrial plants. However, CPI and TAR values (Figure 7A) indicate less terrigenous organic
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matter input during Douglas Creek Member deposition. Thus, the higher Ol values may be due

to oxidative degradation of organic matter by various metabolic processes.

Samples from the Douglas Creek Member have higher pristane/phytane ratios and very low
B-carotane/n-Cazo ratios (Figure 7B) indicative of deposition in an oxic-anoxic environment with
low salinity that would have allowed for the accumulation of a diverse assemblage of aquatic
organisms. Samples from the R3, R4, R6, and Mahogany zones all have lower pristane/phytane
ratios and higher average B-carotane/n-Cso ratios than the Douglas Creek Member (Figure 7B)
suggesting deposition in a more hydrologically restricted lacustrine environment with elevated
salinities and alkalinities. This is consistent with sedimentological, stratigraphic, and
paleontological evidence (Cashion, 1967; Rosenberg et al., 2015; Brembs, 2017; Birgenheier et
al., 2020). For example, the occurrence of lake expansion-contraction cycles and a lack of
evaporite deposits, except for the Mahogany zone, indicates deposition in a balanced-fill basin
similar to the Laney Member of the Green River Formation in Wyoming which has a similar
biomarker signature (Carroll and Bohacs, 2001). In detail, samples from the R6 and Mahogany
zones appear to contain the least diverse aquatic organic matter assemblage based on narrowest
HI ranges and highest B-carotane/n-Cao ratios with a slightly larger contribution, or better

preservation, of terrigenous organic matter (Figure 7).

The trends in organic matter diversity suggested by kerogen type and EOM covary positively
to the range of ’Re/*%0s ratios from samples of the Green River Formation (Figure 7B). The
Douglas Creek Member has the highest level of organic matter diversity and the largest range of
187Re/*®80s ratios while the R6 and Mahogany zones have the lowest. The R3 and R4 zones have
intermediate levels of organic matter diversity and *¥’Re/*80s ranges. Samples from the Green

River Formation appear to confirm the hypothesis that organic matter diversity provides a
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primary control on the range of 8’Re/*®0s ratios, and thus isochron uncertainties of organic-rich
mudstones. Thus, it is expected that Re-Os geochronology of freshwater lacustrine organic-rich
mudstones will more likely yield age determinations with lower uncertainties than those from
saline lakes assuming a similar degree of Os; variability and analytical uncertainty. Similarly,
marine sediments with a cosmopolitan organic matter type provide a greater likelihood of
yielding both age and Os; determinations with higher precision than those with a restricted

organic matter type.

6. Conclusions

Two new Re-Os age determinations of organic-rich lacustrine mudstones from the Green
River Formation in the Uinta Basin were calculated. Although the uncertainty of these ages is
quite large, the ages of the R3 zone (49.7 £3.4 Ma) and R6 zone (42.0 £18 Ma) are statistically
indistinguishable from three previous Re-Os age determinations of organic-rich lacustrine
mudstones and those based on *°Ar/*Ar geochronology of interbedded volcanic ash beds in the
basin, highlighting the utility of Re-Os geochronology in lacustrine basins, particularly those that
lack volcanic ash layers, reliable biostratigraphy, or magnetostratigraphic control. The five Re-
Os ages fall in stratigraphic order, except for the R6 zone which has the largest uncertainty, and
yield an average sedimentation rate of 10.7 cm/kyr which is comparable to those calculated for
members of the Green River Formation in Wyoming. Initial 8’Os/*Q0s ratios of the five sets of
samples record a shift from a value of 1.40 to 1.48 between the R3 and R4 zones in the lower
Parachute Creek Member. This indicates a change in the chemical weathering products entering

the lake 20 to 50 meters above the contact between the Douglas Creek and the lower Parachute
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Creek members during the time when the basin transitioned from a shallow freshwater lake with
open hydrology to an alkaline lake with occasional basin restrictions (Birgenheier et al., 2020;
and references therein).

The five Re-Os isochron determinations have relativity high and varied uncertainties, ranging
from 5 to 43 % of the determined age. These high uncertainties, beyond the level of analytical
uncertainty, are attributed to variability of Os; and the range of 8’Re/*0s values in the sample
sets. Initial 1870s/!%0s variability within individual organic-rich layers attests to the extreme

sensitivity of the Os isotopic system in lacustrine basins.

The range of 8"Re/*880s values of the five studied intervals generally correlates with the
trends in organic matter diversity indicated by kerogen type and EOM biomarkers. The Douglas
Creek Member was deposited during the period when the basin had the most open hydrology in
the studied interval and records the highest degree of organic matter diversity and largest range
of 8"Re/*®0s ratios. The R6 and Mahogany zones were deposited in a more most restricted
basin with a lower diversity of organic matter and have the narrowest range of *¥’Re/*®80s ratios.
The R3 and R4 zones have intermediate levels of organic matter diversity and 8’Re/*®80s
ranges. As noted in previous studies, the results of this study suggest that organic matter
diversity plays a fundamental role on the range of *¥’Re/*®80s ratios in a set of samples, that

ultimately controls the level of uncertainty on Re-Os age determinations.
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Figure Captions

Fig. 1. A) Generalized stratigraphic column of the middle and upper Green River Formation
(GRF) in the Coyote Wash #1 core highlighting the organic-rich (R) and organic-lean (L) zones
in the lower Parachute Creek Member and positions of samples from the Douglas Creek Member
(DC), R3, R4, R6, and Mahogany zone (MZ). Modified from Birgenheier and Vanden Berg
(2011). Also shown are the positions of three volcanic ash layers dated by Smith and Carroll
(2015). B) Plot of Os; and isochron ages of samples from the Green River Formation plotted
against position in the Coyote Wash #1 core. Age uncertainty and Os; uncertainty bars are at the
20 level. DC and MZ ages from Cumming et al. (2012). R4 age from Pietras et al. (2020). Two
ages are shown for the R6 zone, one with all 20 samples, and one with four anomalous samples
removed (see Figure 4). The Os; value shown for the R6 zone was determined with the four
anomalous samples removed. Also shown are the “°Ar/*®Ar ages (italics) of three volcanic ash
layers from Smith and Carroll (2015). B) Map showing the location of the Coyote Wash #1,
Skyline 16, and PR15-7c cores in the eastern Uinta Basin, and the general bedrock lithology or
age surrounding the basin. Sevier FTB - Sevier fold and thrust belt. Modified from Ludington et

al. (2005) and Stoeser et al. (2005).

Fig. 2. A) Re-Os isochron plot of 10 samples from the R3 oil shale in the Skyline 16 core. B) Re-
Os isochron plot of 10 samples from the R3 oil shale in the PR15-7c¢ core. C) Re-Os isochron

plot of all 20 samples from the R3 oil shale in both cores. D) Re-Os isochron plot of 10 samples



879  from the R6 oil shale in the Skyline 16 core. E) Re-Os isochron plot of 10 samples from the R6
880  oil shale in the PR15-7c core. F) Re-Os isochron plot of all 20 samples from the R6 oil shale in
881  both cores (See also Fig. 5). Anomalous samples S6-7, S6-10, P6-3, and P6-7 are highlighted.

882  See text for discussion.

883

884  Fig. 3. A) Pseudo-Van Krevelen diagram of all samples from the Green River Formation
885 indicating the prevalence of Type | kerogen. B) Details of area in gray box of A. C) Tmax versus
886  HI cross-plot indicating that all samples of the Green River Formation are thermally immature.

887 D) Details of area in gray box of C.

888

889  Fig. 4. Re-Os isochron plot of samples of the R6 zone from the Skyline 16 (black) and PR15-7¢
890  (gray). Anomalous samples S6-7, S6-10, P6-3, and P6-7 are highlighted (white), but were not
891  used in creation of the isochron shown in the solid line. Dashed line is the isochron using all 20

892  samples.

893

894  Fig. 5. Isochron age versus stratigraphic position in the Coyote Wash #1 core of samples from
895 the Green River Formation. Anomalous samples S6-7, S6-10, P6-3, and P6-7 were excluded for
896 the R6 age (see Figure 4). The slope of the linear regression represents the average sedimentation

897 rate.

898
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Fig. 6. ¥’Re/*®0s range versus age uncertainty cross-plot. The two curves correspond to
modeled theoretical uncertainty using 10 (dashed) and 20 (solid) samples. Circles are the actual
age uncertainty for each zone determined using Isoplot v. 4.15. Squares are the uncertainty for
each zone using an initial ¥’0s/*%0s value of 1.40, a depositional age of 49 Ma, local

uncertainties, and a 8’Re/*0s range determined by each sample set. See text for discussion.

Fig. 7. A) Carbon preference index (CPI) versus terrigenous-aquatic ratio (TAR) cross-plot of all
EOM samples from the Green River Formation. B) Pristane/phytane versus -carotane/n-Cazo
cross-plot of all EOM samples from the Green River Formation. Size of the symbol corresponds

to the 187Re/*®8Q0s range in each set of samples.
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Table 1 Re-Os isotope data

Sample Depth Re *+ Os + ~Os =+ ~'Re["Os 4 ~'Os/["0s & rho® o, Re % °'Os % Os  Os® £

name (m)  (ppb) (ppt) (ppt) blank  blank blank
PR15-7c

R6 zone
P6-1 117.33 20.57 0.05 264.0 1.3 89.0 04 459.7 22 1.847 0.011 0.624 0.31 0.02 0.15 1.47 0.01
P6-2 117.28 20.54 0.05 2314 12 776 0.3 527.0 2.6 1.905 0.011 0.635 0.31 0.02 0.17 1.47 0.01
P6-3 117.22 20.61 0.05 277.0 14 928 04 441.7 22 1.904 0.012 0.623 0.31 0.02 0.15 1.54 0.01
P6-4 117.14 17.27 0.04 2085 13 702 04 489.6 3.0 1.864 0.016 0.599 0.37 0.02 0.19 1.46 0.02
P6-5 117.06 19.36 0.05 227.7 12 76.6 0.3 503.0 25 1.874 0.011 0.634 0.33 0.02 0.18 1.46 0.01
P6-6 117.00 18.56 0.05 204.7 11 684 0.3 539.4 27 1.928 0.012 0.645 0.34 0.02 0.20 1.49 0.01
P6-7 116.94 16.96 0.04 2176 11 727 0.3 464.4 23 1.939 0.012 0.632 0.37 0.02 0.19 1.56 0.01
P6-8 116.88 25.86 0.06 2413 12 804 0.3 640.1 3.1 1.962 0.011 0.634 0.24 0.02 0.17 1.44 0.01
P6-9 116.76 23.65 0.06 291.0 14 981 04 479.5 23 1.846 0.011 0.621 0.27 0.01 0.14 1.45 0.01
P6-10 116.58 16.69 0.04 2535 12 86.2 04 385.2 1.9 1.769 0.010 0.628 0.38 0.02 0.16 1.45 0.01

R3 zone
P3-1 185.77 25.78 0.06 1995 11 658 0.3 779.1 4.0 2.053 0.013 0.644 0.23 0.02 0.20 1.42 0.01
P3-2 185.68 13.48 0.04 157.1 09 529 0.3 507.3 29 1.862 0.013 0.640 0.44 0.03 0.25 1.45 0.01
P3-3 185.61 21.63 0.05 1733 09 572 0.3 753.0 4.0 2.055 0.013 0.659 0.28 0.02 0.24 1.44 0.01
P3-4 18554 25.26 0.06 1754 1.0 57.7 0.3 871.5 4.7 2.091 0.013 0.652 0.24 0.02 0.23 1.38 0.01
P3-5 185.49 20.57 0.05 161.7 09 534 0.2 765.7 4.0 2.037 0.012 0.674 0.29 0.02 0.25 1.41 0.01
P3-6 18540 26.91 0.07 1875 1.0 613 0.3 873.6 4.4 2.142 0.013 0.658 0.22 0.02 0.22 1.43 0.01
P3-7 185.30 21.77 0.05 2171 12 728 0.3 595.0 3.1 1.900 0.012 0.631 0.28 0.02 0.18 1.41 0.01
P3-8 185.22 16.82 0.04 1859 09 628 0.3 533.0 2.7 1.833 0.011 0.651 0.36 0.02 0.21 1.40 0.01
P3-9 185.16 22.13 0.05 2065 1.1 69.1 0.3 637.2 3.2 1.922 0.011 0.643 0.27 0.02 0.19 1.40 0.01
P3-10 185.10 29.46 0.07 2625 13 876 04 669.4 33 1.949 0.011 0.626 0.20 0.02 0.15 1.40 0.01
Skyline 16

R6 zone
S6-1 217.68 20.07 0.05 2242 12 750 03 532.1 2.7 1.918 0.012 0.631 0.32 0.02 0.18 1.48 0.01
S6-2 21756 15.37 0.04 2003 11 676 0.3 452.4 24 1.841 0.012 0.639 0.41 0.02 0.2 1.47 0.01
S6-3 217.47 22.01 0.05 2532 13 849 04 516.1 2.6 1.903 0.012 0.614 0.29 0.02 0.16 1.48 0.01
S6-4 217.34 14.72 0.04 1783 09 60.0 0.3 488.1 25 1.866 0.011 0.654 0.43 0.02 0.22 1.47 0.01
S6-5 217.25 15.62 0.04 1881 10 633 0.3 490.8 25 1.863 0.011 0.644 04 0.02 0.21 1.46 0.01
S6-6 217.19 15.04 0.04 1883 10 63.6 0.3 470.5 25 1.836 0.012 0.632 0.42 0.02 0.21 1.45 0.01
S6-7 217.13 18.61 0.05 2008 1.0 67.7 0.3 546.9 29 1.849 0.011 0.614 0.34 0.02 0.2 1.40 0.01
S6-8 217.07 21.64 0.05 2265 12 758 0.3 567.6 2.9 1.913 0.012 0.636 0.29 0.02 0.18 1.45 0.01
S6-9 216.95 22.37 0.06 2982 15 1009 04 441.2 22 1.818 0.011 0.612 0.28 0.01 0.13 1.46 0.01
S6-10 216.73 15.75 0.04 2212 11 754 03 415.7 21 1.751 0.010 0.637 0.25 0.02 0.14 1.41 0.01

R3 zone
S3-1 285.48 2391 0.06 176.6 09 582 0.3 817.2 4.2 2.065 0.013 0.654 0.25 0.02 0.23 1.40 0.01
S3-2 285.44 16.66 0.04 127.8 0.7 423 0.2 784.3 4.6 2.033 0.014 0.680 0.36 0.03 0.32 1.39 0.01
S3-3 285.38 13.00 0.03 1615 0.8 549 0.3 471.0 25 1.773 0.011 0.662 0.46 0.03 0.25 1.39 0.01
S3-4 285.31 11.59 0.03 140.3 0.8 476 0.2 484.0 2.8 1.785 0.013 0.649 0.52 0.03 0.28 1.39 0.01
S3-5 285.25 11.28 0.03 148.2 0.8 505 0.3 444 .4 25 1.755 0.012 0.651 0.53 0.03 0.27 1.39 0.01
S3-6 285.19 24.05 0.06 168.6 1.0 553 0.3 865.9 4.8 2.118 0.015 0.636 0.25 0.02 0.24 1.41 0.02
S3-7 285.13 32.65 0.08 2382 12 782 03 830.5 4.1 2.103 0.012 0.637 0.18 0.02 0.17 1.42 0.01
S3-8 285.07 19.48 0.05 2624 13 89.2 04 434.5 22 1.773 0.011 0.624 0.31 0.02 0.15 1.42 0.01
S3-9 285.01 30.59 0.08 300.1 1.5 100.6 0.4 605.0 2.9 1.905 0.011 0.614 0.20 0.01 0.13 1.41 0.01
S3-10 28495 29.08 0.07 2554 1.7 851 0.5 679.7 4.5 1.958 0.019 0.579 0.21 0.02 0.16 1.40 0.02

All uncertainties are reported at 20
2 rho is the associated error correlation at 20 (Ludwig, 1980)

b Os; is the initial 18705/18805 isotopic ratio calculated at 49 Ma
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Table 2

Table 2 Initial **’0s/*®0s values

Sample Depth Os’ *
name (m)
PR15-7¢®
R4 zone
PR1 166.50 1.46 0.01
PR2 166.55 1.48 0.01
PR3 166.60 1.48 0.01
PR4 166.65 1.47 0.01
PR5 166.68 1.48 0.02
PR6 166.75 1.46 0.02
PR7 166.80 1.46 0.01
Skyline 16%
R4 zone
SL1 269.77 1.44 0.01
SL2 269.82 1.46 0.01
SL3 269.88 1.50 0.01
SL4 269.92 1.50 0.01
SL5 269.98 1.48 0.01
SL6 270.03 1.47 0.01
SL7 270.08 1.48 0.01
SL8 270.13 1.49 0.01
SL9 270.18 1.44 0.01
SL10 270.23 1.46 0.01
SL11 270.28 1.47 0.01
SL12 270.33 1.48 0.01
Coyote Wash 1°
Mahogany zone
CW1-05 682.50 1.47 0.02
CW1-06 682.70 1.47 0.01
CwW1-07 682.80 1.47 0.01
CW1-09 683.20 1.47 0.05
CwW1-10 683.40 1.48 0.02
CW1-12 683.60 1.48 0.04
CW1-13 683.70 1.49 0.02
CW1-14 683.90 1.47 0.03
CW1-15 684.30 1.48 0.04
CW1-16 684.50 1.49 0.02
CwW1-20 684.90 1.47 0.05
Cw1-22 685.20 1.48 0.02
Cw1-23 685.40 1.48 0.03
Douglas Creek Mbr.
CW1-40 1026.00 1.41 0.01
Cw1-41 1026.10 1.39 0.02
CW1-42 1026.20 1.39 0.02
CW1-44 1026.50 1.30 0.02
CW1-45 1026.60 1.45 0.01
CW1-46 1026.80 1.47 0.01
CW1-48 1027.00 1.41 0.03
CW1-49 1027.20 1.39 0.02
CW1-50 1027.40 1.41 0.03
CW1-51 1027.50 1.45 0.03
CW1-53 1027.70 1.48 0.02
CW1-54 1027.80 1.40 0.01
CW1-55 1028.00 1.45 0.01

All uncertainties are reported at 20
# R4 zone sample names from Pietras et al. (2020)
® Coyote Wash #1 sample names from Cumming et al. (2012)
©Os; is the initial **’0s/**0s isotopic ratio calculated at 49 Ma
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Table 3 Programmed pyrolysis and total organic carbon (TOC) data

Sample Depth TOC S1 S2 S3 Tmax HI ol PP
name (m) (wt%) (mg hydrocarbons/g of rock) (mg hydrocarbons/g of rock) (mg CO,/g of rock) (°C) (mg-HC/g-TOC) (mg-CO,/g-TOC)
PR15-7¢c
R6 zone
P6-1 117.33 7.62 2.52 74.27 0.92 436 975 12 0.03
P6-2 117.28 7.82 2.22 78.88 0.57 438 1009 7 0.03
P6-3 117.22 7.58 2.43 74.52 0.54 437 983 7 0.03
P6-4 117.14 3.93 2.05 35.58 0.39 433 905 10 0.05
P6-5 117.06 4.33 2.66 37.58 0.43 429 867 10 0.07
P6-6 117.00 4.59 241 40.54 0.5 438 884 11 0.06
P6-7 116.94 6.66 2.61 69.07 0.51 441 1037 8 0.04
P6-8 116.88 7.97 1.81 81.15 0.65 443 1018 8 0.02
P6-9 116.76  8.56 2.45 84.34 0.8 439 985 9 0.03
P6-10 116.58 9.97 2.22 99.25 0.99 439 996 10 0.02
R4 zone ?
PR3 166.60 6.17 0.63 56.56 0.51 442 917 8 0.01
PR6 166.75 4.97 0.51 45.26 0.44 442 911 9 0.01
R3 zone
P3-1 185.77 4.62 0.84 38.94 0.38 439 843 8 0.02
P3-2 185.68 2.44 0.53 17.71 0.41 439 726 17 0.03
P3-3 185.61 3.13 0.76 26.02 0.41 438 830 13 0.03
P3-4 185.54 3.31 0.96 28.55 0.33 436 864 10 0.03
P3-5 185.49 3.66 0.87 29.85 0.35 438 816 10 0.03
P3-6 185.40 4.31 1.02 40.08 0.41 437 930 10 0.02
P3-7 185.30 7.99 1.99 75.65 0.55 439 947 7 0.03
P3-8 185.22 6.25 1.36 56.61 0.41 441 906 7 0.02
P3-9 185.16 7.34 1.44 71.93 0.51 442 980 7 0.02
P3-10 185.10 9.4 1.71 95.69 0.69 444 1018 7 0.02
Skyline 16
R6 zone
S6-1 217.68 8.42 1.81 85.52 0.83 439 1016 10 0.02
S6-2 21756 6.21 2.01 58.99 0.51 434 950 8 0.03
S6-3 21747 7.73 2.23 75.37 0.67 434 974 9 0.03
S6-4 217.34 3.62 2.22 34.13 0.43 433 942 12 0.06
S6-5 21725 3.8 2.2 33.6 0.41 435 884 11 0.06
S6-6 217.19 5.55 2 51.96 0.53 438 935 10 0.04
S6-7 217.13 5.19 1.74 50.61 0.51 437 975 10 0.03
S6-8 217.07 8.02 1.72 78.06 0.57 438 974 7 0.02
S6-9 216.95 10.03 2.61 97.14 0.95 439 968 9 0.03
S6-10 216.73 6.98 1.31 69.96 0.71 439 1003 10 0.02
R4 zone ?
SL1 269.77 6.45 0.89 58.56 0.56 443 908 9 0.01
SL2 269.82 5.63 0.67 52.5 0.37 445 933 7 0.01
SL3 269.88 5.01 0.6 44.88 0.45 441 896 9 0.01
SL4 269.93 5.26 0.62 48.42 0.51 444 921 10 0.01
SL6 270.03 8.65 0.99 85.18 0.58 447 985 7 0.01
SL7 270.08 3.65 0.34 31.81 0.53 443 872 15 0.01
SL8 270.13 2.8 0.26 21.59 0.59 439 771 21 0.01
SL10 270.23 4.18 0.33 36.82 0.44 441 881 11 0.01
SL11 270.28 5.98 0.72 55.44 0.52 442 927 9 0.01
SL12 270.33 6.05 0.55 56.61 0.55 443 936 9 0.01
R3 zone
S3-1 28548 2.87 0.49 25.58 0.37 436 891 13 0.02
S3-2 28544 2.05 0.34 15.44 0.36 437 753 18 0.02
S3-3 285.38 2.77 0.36 23.83 0.38 440 860 14 0.01
S3-4 28531 2.78 0.39 23.64 0.46 438 851 17 0.02
S3-5 28525 2.62 0.44 21.76 0.4 438 830 15 0.02
S3-6 285.19 2.68 0.79 24.03 0.37 436 896 14 0.03
S3-7 285.13 7.47 2.59 73.15 0.64 435 979 9 0.03
S3-8 285.07 3.83 0.9 35.4 0.45 438 923 12 0.02
S3-9 285.01 8.82 2.31 86.64 0.86 439 983 10 0.03
S3-10 28495 5.09 0.9 48.52 0.54 441 953 11 0.02

# R4 zone sample names from Pietras et al. (2020)
® production index (PI) = S1/(S1 + S2)
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Table 4 Extractable organic matter (EOM) biomarker data
Sample name Depth (m) EOM (wt.%) CPI° TAR® Pr/Ph® BC'/n-C30

PR15-7¢c
R6 zone
P6-1 117.33 0.649 1.96 2.66 0.41 7.44
P6-4 117.14 0.734 266 574 0.32 3.87
P6-7 116.94 1.317 246 6.17 0.32 4.18
P6-10 116.58 0.600 231 233 0.25 9.06
R3 zone
P3-1 185.77 0.308 1.76 2.06 0.38 0.86
P3-4 185.54 0.590 1.73 255 0.40 0.89
P3-7 185.30 0.775 1.81 2.40 0.37 0.92
P3-10 185.10 0.646 1.74 273 0.37 1.03
Skyline 16
R6 zone
S6-1 217.68 0.648 230 294 0.43 3.59
S6-4 217.34 0.759 251 7.10 0.43 3.11
S6-7 217.13 0.797 220 4.14 0.42 3.62
S6-10 216.73 0.559 205 221 0.36 7.49
R4 zone?
SL1 269.77 0.322 1.74 355 0.43 0.91
SL4 269.93 0.252 157 184 0.43 1.33
SL8 270.13 0.219 1.72 2.68 0.39 2.61
SL12 270.33 0.309 166 1.61 0.43 4.43
R3 zone
S3-1 285.48 0.230 1.73 146 051 0.77
S3-4 285.31 0.377 1.72 1.39 0.50 0.73
S3-7 285.13 1.180 159 2.31 0.40 1.90
S3-10 284.95 0.377 1.52 2.67 0.46 0.61

Coyote Wash 1°
Mahogany Zone

CWw1-05 682.5 2.636 163 199 0.62 3.65
CWw1-10 683.4 2.320 1.67 2.87 0.65 3.22
Cw1-15 684.3 1.805 1.74 3.92 0.65 3.23
CW1-22 685.2 2.842 1.68 343 0.64 2.87
Douglas Creek Mbr.

CWwW1-40 1026.0 0.472 119 0.71 1.06 0.23
Cw1-45 1026.6 0.871 1.19 1.05 1.06 0.28
CW1-50 1027.4 1.119 119 071 1.10 0.18
CW1-55 1028.0 1.417 1.16 1.14 111 0.29

% R4 zone sample names from Pietras et al. (2020)

® Coyote Wash #1 sample names from Cumming et al. (2012)

¢ Carbon Preference Index using Marzi et al., 1993

4 Terrigenous-Aquatic Ratio using Bourbonniere and Meyers, 1996
® pristane/phytane ratio

" B-carotane
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Table 5 Average analytical uncertainty modeling parameters

Zone Uncertainty® Number of
187Re/ISBOS 18703/18805 rho samples
Mahogany Zone 4.4 0.029 0.695 13
R6 Zone 2.5 0.011 0.629 20
R4 Zone 4.1 0.013 0.634 19
R3 Zone 3.6 0.013 0.640 20
Douglas Creek 5.3 0.020 0.706 13
All data 3.9 0.016 0.657 20/10

420 average for each zone
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Table 6

Table 6 Os; variance
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Zone 49Ma®  Isoplot v. 4.15° IsoplotR”
Mahogany Zone 0.02 na‘ 0.002
R6 Zone 0.16 0.072 0.068
R4 Zone 0.06 0.030 0.028
R3 Zone 0.07 0.034 0.032
Douglas Creek 0.18 0.095 0.086

%total Os; variance calculated at 49 Ma for all samples

20

‘variance not calculated for Model 1 age
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